Background: Postoperative cognitive dysfunction (POCD) is a common complication of cardiac surgery. Studies have identified potentially injurious roles for cardiopulmonary bypass (CPB) and subsequent reperfusion injury. Cognitive dysfunction has also been linked to the deleterious effects of hyperoxia following ischemia-reperfusion injuries in several disease states, but there has been surprisingly little study into the role of hyperoxia in reperfusion injury after CPB. The potential for tightly regulated intraoperative normoxia to ameliorate the neurocognitive decline following cardiac surgery has not been investigated in a prospective manner. We hypothesize that the use of a protocolized management strategy aimed towards maintenance of an intraoperative normoxic level of oxygen, as opposed to hyperoxia, will reduce the incidence of POCD in older patients undergoing cardiac surgery. Methods/Design: One hundred patients aged 65 years and older undergoing non-emergency coronary artery bypass grafting surgery on cardiopulmonary bypass will be enrolled in this prospective, randomized, controlled trial. Subjects will be randomized to receive a fraction of inspired oxygen of either 35% or 100% while under general anesthesia throughout the intraoperative period. The primary outcome measure will be the incidence of POCD in the acute postoperative phase and up to 6 months. The assessment of neurocognition will be undertaken by trained personnel, blinded to study group, with the telephone Montreal Cognitive Assessment (t-MoCA) tool. Secondary outcome measures will include assessment of delirium using the Confusion Assessment Method (CAM and CAM-ICU), as well as time to extubation, days of mechanical ventilation, length of ICU and hospital stay and mortality at 6 months. With the aim of later identifying mechanistic aspects of the effect of oxygen tension, blood, urine, and atrial tissue specimens will be taken at various time points during the perioperative period and later analyzed.
Background
There are approximately 300,000 cardiac surgical procedures annually utilizing cardiopulmonary bypass (CPB) in the United States alone [1] . Postoperative cognitive dysfunction (POCD) remains a common adverse outcome in patients undergoing cardiac surgery, and has been reported to occur in up to 50% of patients after coronary artery bypass grafting (CABG) at the time of hospital discharge. Defined by deficits in working memory and executive function, this condition persists in as many as 30% of patients at 6 months [2] . A related cognitive disorder, postoperative delirium, also occurs frequently in this population. While often minimized due to its apparent temporary nature, recent data have demonstrated that postoperative delirium has lasting effects, with decreased cognitive performance up to 1 year after surgery and an accelerated rate of age-related cognitive decline compared to patients without delirium [3] . Despite the seemingly minor and temporary effects these cognitive deficits may seem to pose to the physical recovery of the cardiac surgical patient, data suggest that patients who suffer from these conditions display a higher rate of overall mortality [4] . Hence, postoperative delirium and POCD following cardiac surgery is a considerable problem, perhaps the most frequently encountered adverse complication following cardiac surgery [5] . The incidence of neurological sequelae after cardiac surgery is only expected to increase as surgery continues to be performed on an ever-aging population [6] .
The delivery of oxygen has long been a cornerstone of anesthesia practice, traditionally with titration of oxygen therapy to ensure avoidance of potentially injurious periods of hypoxemia. However, the same attention has not been afforded for levels of relative hyperoxemia, presuming that excess oxygen is relatively harmless. Emerging clinical data within a variety of arenas suggest that this assumption may not be true. There appears to be potentially deleterious effects from hyperoxemia, whether it be demonstration of extension of infarct size post myocardial infarction [7] , worse neurological outcomes and higher mortality in patients receiving therapeutic hypothermia following return of spontaneous circulation (ROSC) after cardiac arrest [8] , or higher mortality in the intensive care unit [9] . Given these data, recent investigation has focused on assessment of potentially detrimental consequences of hyperoxemia in the domain of CPB during cardiac surgery [10, 11] . However, the potential for tightly regulated intraoperative normoxia to ameliorate POCD following cardiac surgery has not been investigated in a prospective manner [12, 13] .
The objective of this trial is to determine whether patients undergoing CABG on CPB maintained under normoxic conditions throughout the intraoperative period will have a lower incidence of POCD and delirium than those exposed to hyperoxia. Given the disease burden, investigation into such a mechanistically intuitive and potentially simple intervention could impact hundreds of thousands of cardiac surgery patients a year.
Methods/design

Study design
To assess the relationship between intraoperative arterial partial pressure of oxygen (PaO 2 ) and the incidence of POCD and delirium we have designed a singlecenter, randomized, double-blind superiority trial of 100 participants with an allocation of 1:1. Subjects undergoing CABG surgery with CPB will be prospectively randomized to one of two different levels of fraction of inspired oxygen (FiO 2 ) intraoperatively. The primary outcome of postoperative cognitive decline will be assessed via cognitive testing at baseline, daily from postoperative day 1 until hospital discharge, and then by phone at 1, 3, and 6 months postoperatively ( Fig. 1 for trial schematic). Table 1 details the structured study summary according to the World Health Organization Trial Registration Data Set. The trial protocol was written in accordance with the Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) checklist [14] (Additional file 1).
The SPIRIT figure (Fig. 2) demonstrates the schedule of enrollment, interventions, and instruments of assessment used in the trial.
Study setting
Beth Israel Deaconess Medical Center (BIDMC) is a 700-bed tertiary care academic facility and Harvard Medical School teaching hospital. More than 900 openheart procedures are performed on an annual basis, of which approximately 400 of these are CABG surgeries with CPB.
Study registration
The study will be conducted in accordance with the ethical principles taken from the Declaration of Helsinki and adhere to the principles of Good Clinical Practice. The Committee on Clinical Investigations Institutional Review Board at Beth Israel Deaconess Medical Center approved the study protocol and provides ongoing oversight (IRB Protocol Number 2014-P-000398). Upon completion the trial will be reported in adherence to the Consolidated Standards of Reporting Trials (CONSORT) guidelines [15] in addition to the Standard Protocols Items: Recommendations for Interventional Trials (SPIRIT) checklist [14] . This study was registered at the U.S. National Institutes of Health with ClinicalTrials.gov on 13 February 2015 and carries the trial identification number NCT02591589. The trial is ongoing and currently recruiting. All amendments to the protocol are reported to the Institutional Review Board for approval.
Inclusion and exclusion criteria
The study will enroll adult patients aged 65 or older undergoing elective or urgent on-bypass CABG cardiac surgery with subsequent admission to a cardiovascular intensive care unit (ICU). Patients undergoing emergent CABG surgery, combined CABG and other cardiac procedures, procedures requiring single lung ventilation, offpump cardiac bypass surgery, or patients with signs of cardiogenic shock as dictated by preoperative inotropic, intra-aortic balloon counterpulsation or mechanical circulatory support devices will be excluded. Patients with evidence of severe cognitive impairment at baseline, as defined by a Telephone Montreal Cognitive Assessment (t-MoCA) score below 10, will also be excluded.
Intervention and anesthesia regimen
Patients will be randomized on a 1:1 basis through a block randomization schedule using sealed envelopes to one of two experimental groups based on arterial oxygen tensions. In the first group, the FiO 2 will be set at a minimum of 0.35 to maintain their PaO 2 above 70 mmHg or oxygen saturations (SpO 2 ) greater than or equal to 92%, and if necessary, titrated up to prevent potentially injurious hypoxemia (SpO 2 < 92%). During CPB a blended air/oxygen mixture will be titrated to arterial blood gas analysis with aim of maintenance of PaO 2 between 100 and 150 mmHg. This intervention group will be termed the normoxic arm.
The second arm of this trial will consist of subjects exposed to an FiO 2 set at 1.0 throughout the intraoperative period, including during cardiopulmonary bypass. PaO 2 will be measured periodically; however, it will not be used to titrate FiO 2 . This control group will be termed the hyperoxic arm.
Anesthetic regimen will not be standardized but is instead at the discretion of the treating provider. To standardize other key aspects of ventilator support in line with current best practice, mechanical ventilation will be performed according to a protocol based on current institutional standard of care. Tidal volumes will be set to 6-8 cc/kg and positive end-expiratory pressure (PEEP) levels of 0-5 cm H 2 O in both groups, with flexibility for provider preference. Study ventilator settings will be applied after induction of general anesthesia and successful endotracheal intubation and continued throughout the surgery, until surgical closure. Blood gas analysis and recording will be performed in both groups in the same manner as 
Safety assessments and blinding
The Principal Investigator and other physician coinvestigators will be in communication with the clinical team throughout the intra-operative period to ensure protocol adherence. Further criteria for withdrawal from the study preoperatively include active ongoing cardiac ischemia or acute decompensated arrhythmia, low oxygen saturation (SpO 2 < 90%) on supplemental oxygen, or the use of continuous vasopressor or inotrope infusion medications. Patients will be withdrawn intraoperatively if they develop significant hemodynamic compromise because of cardiac surgery or sustained intra-operative oxygen desaturation (SpO 2 < 90% for more than 3 minutes). At any time during the perioperative period patients may be withdrawn for significant physician or nursing concern. Because real-time monitoring of protocol compliance requires knowledge of the patient's assigned treatment, the study team utilizes a coordinated team approach. For every case, the study team members assessing the primary and secondary outcomes of the study will be blinded to the group assignment. This includes research staff administering neurocognitive assessments as well as physician staff monitoring patient progress and safety. The physician principal investigator is unblinded, and is responsible for conveying the treatment assignment to the clinical team and monitoring compliance with the assigned regimen intraoperatively. A trials specialist within the research group will monitor protocol compliance, occurrence and report any adverse events to the institutional review board (IRB).
Study outcomes and their measurement
Primary endpoint
To assess the occurrence of POCD we will use the t-MoCA. Scores on the t-MoCA will be measured preoperatively and postoperatively, using a daily in-hospital assessment until discharge or 30 days, whichever is sooner. In order to reduce fatigue completing assessments, if t-MoCA scores have plateaued for three consecutive days and CAM assessments are negative, assessments will occur every third day in-hospital through a skip pattern algorithm.
The t-MOCA is an adaptation of the widely used MoCA assessment [16] , with items requiring writing and picture recognition removed. T-MoCA results in a 22-point scale and has been validated as a marker for cognitive function [16, 17] . Additionally, there will be telephone follow-up and t-MOCA assessment at 1, 3, and 6 months postoperatively, which does not require that participants be assessed in person. The telephonic version of the MoCA was chosen as the cognitive test to be performed both in-person and in telephonic follow-up so as to have equivalent scoring between assessments at all follow-up time points throughout the study. In previous studies, testing to 6 months has been shown to accurately reflect longitudinal follow-up of cognitive trajectories after CABG [18, 19] and thus this was the time endpoint for the follow-up in our study. Blinded, specially trained study staff will administer the assessments and assist in data collection.
Secondary endpoints
The Confusion Assessment Method (CAM), which is a diagnostic algorithm for delirium, will be administered simultaneously with the t-MoCA postoperatively, as there are data to support a more pronounced reduction in cognitive ability in patients exhibiting postoperative delirium. This will assess for differential incidences of postoperative delirium that may occur between groups as a secondary endpoint. While patients are in the ICU and non-verbal, the t-MoCA will not be assessed and the validated CAM-ICU test for the incidence of delirium will be used in place of the CAM [19, 20] . Other secondary outcomes to be measured will include the time to extubation, days of mechanical ventilation, length of ICU and hospital stay, patient mortality at 30 days and 6 months. Other postoperative events as collated and reported in the Society of Thoracic Surgeons (STS) database will be reported and assessed including renal failure, stroke, myocardial infarction, reoperation, and sternal wound infection.
Data collection
Clinical and demographic variables will be collected and reported including age, body mass index, ejection fraction and other aspects of advanced echocardiographic assessment, STS mortality score, and comorbidities (for example: history of myocardial infarction, congestive heart failure, diabetes, dyslipidemia, hypertension, stroke, peripheral vascular disease, and smoking from the predefined STS database Version 2.6). In addition, assessments will be made regarding functional Activities of Daily Living (ADL) and Geriatric Depression Scale (GDS).
All information collection will employ electronic case report forms, namely Research Electronic Data Capture [21] . REDCap is a secure, web-based application designed to support data capture for clinical trials that allows customized data collection fields to support individual trial needs. Members of the research team will be responsible for building and maintaining the electronic case report form (eCRF), as well as monitoring the data entry for completeness, timeliness and accuracy. Interrater reliability checks between multiple assessors will be performed throughout the study.
Reporting of compliance and adverse events
A specialist within the research group will monitor protocol compliance, occurrence and reporting of adverse events to the IRB.
Bio-specimen collection and processing
Biological specimens will be collected throughout the perioperative period. Blood, atrial tissue, and urine specimens will be collected intra-operatively, both at prebypass and post-bypass time points. Blood and urine specimens will also be collected at other time points in the perioperative period. These specimens will be used for analysis for biomarkers of oxidative stress and investigation of mechanistic pathways.
Follow-up
Subjects will be contacted by telephone by trained study team members for 1, 3, and 6-month t-MoCA, ADL, and GDS assessments. For feasibility, the protocol allows for a time window of 7 days before and after the 1-month follow-up, and 14 days before or after the 3-and 6-month postoperative calls.
Statistical analysis
Sample size calculation
Using previous data [3] , and assuming a cross walk between t-MoCA and Mini-Mental State Examination (MMSE) [22] , a two-sided α = 0.05 and 80% power, we will need 74 subjects in total to detect a mean difference in t-MoCA scores of 2 (standard deviation of 3) between the hyperoxia and normoxia group at postoperative day 2. This cognitive decrement was previously reported as clinically significant and postoperative day 2 was reported as the inhospital postoperative nadir time point [19] . A total of 100 randomized subjects who have undergone the entire intraoperative intervention will be enrolled to allow for potential attrition from loss to follow-up or withdrawal.
Data analysis
Descriptive statistics of the data will be performed. Continuous data will be represented using mean (± standard deviation) or median (interquartile range) for variables not normally distributed and compared using parametric or non-parametric t tests as appropriate. Categorical data will be presented using proportions and compared using a chi-square (or Fisher's exact) test. Two-sided p values less than 0.05 will be considered statistically significant. All analyses will be conducted using the intention-to-treat principle. No interim analyses are planned and there are no stopping rules for this trial. SAS 9.3 (SAS Institute, Cary, NC, USA) will be used for all analyses.
The primary outcome of the study is t-MoCA trajectories (values of t-MoCA) at postoperative day 2 between the two groups. An unadjusted t test (or non-parametric equivalent) will be used to assess superiority. Linear regression will be performed to identify independent predictors of t-MoCA as well as changes in t-MoCA over the 6-month study period. To account for the multiple measurements per subject, we will employ repeated measures regression techniques. Due to flexibility of timing of patient interviews, possibility of censored data and repeated observations, secondary analysis would require the use of a piecewise mixed-effects linear regression model measurement. Interaction will be assessed in the mixed-effects model to test if the t-MoCA slopes are different between groups.
Secondary analysis of adverse events including incidence of delirium, stroke, myocardial infarction, acute kidney injury (AKI), and hypoxia will also be assessed by employing logistic regression or log-binomial regression for outcomes with an incidence of 10% or greater. Odds ratios or measures of relative risk will include 95% confidence intervals. Secondary outcomes including ADL and GDS values will also be assessed using a trajectory analysis, similar to that employed for t-MoCA scores over time. The harvested biological specimens will provide mechanistic data regarding impact of administered oxygen levels on plasma, urine, and tissue biomarkers. To test this, a linear mixed model will be used to estimate the trajectories of values over the study period. The treatment-by-time interaction will quantify differences in trajectories between the groups. Initial modeling will include participant-specific slope and intercepts with likelihood ratio tests of these variance components considered for model parsimony. 
Protocol funding sources and their role
Discussion
Significance and innovation
The biological plausibility of the potentially detrimental effects of hyperoxia on neurocognition and other end organ manifestations is clear although complex [23] . Our study is innovative in that it is one of the first to investigate the concept of strict oxygen regulation in patients undergoing CABG with cardiopulmonary bypass and its potential relationship to postoperative neurological outcome. If clinical benefit is shown, the titration of oxygen therapy towards tighter normoxia as opposed to the allowance of hyperoxia would represent an easily attainable practice change for more than 300,000 patients a year in the United States alone, and would also potentially serve as a low-cost, ubiquitous intervention with widespread potential use across many disciplines.
Limitations
We are limited in our ability to comment on any differences we observed in relation to cognitive decline associated with normal aging. In addition, this study includes patients undergoing on-bypass CABG surgery alone. The homogenous nature of the surgical population allows for a close examination of the outcomes within each arm, although future work may include a wider range of valvular and combined cardiac surgical populations.
There are also several potential limitations associated with our measurement of the primary outcome. That is, despite promising results regarding the sensitivity and specificity of the t-MoCA assessment in a clinical scenario, it has not been rigorously validated in this particular patient population. We are limited in our ability to discuss the association between intraoperative oxygen administration and both visuospatial components and some of the executive cognitive domains, as t-MoCA does not measure them directly. The t-MoCA does, however, address memory, attention, language, abstraction, recall, and several other important components of neurocognitive function. Furthermore, it is possible that differences could occur between in-person assessments that occur over the phone [16] . In order to mitigate this potential bias, our assessors have been extensively trained on administration of the t-MoCA, with an emphasis on consistency. While we cannot completely eliminate this potential bias, be believe that this is a good step towards addressing differences.
Of note, a recent study with a similar intervention found some challenges in protocol adherence in the normoxia group [11] . This unanticipated finding will be examined specifically in our group's analyses to ascertain the scope of this experience [24] .
The greatest source of potential bias that we see in this study is the possibility of loss to follow-up. The effect size calculated is relatively large. In an effort to mitigate loss of power due to dropouts, we have incorporated the potential for dropout into our sample size calculation. Furthermore, we plan to use a validated telephonic method for follow-up, allowing ample time windows for completion of telephonic postoperative follow-up, to reduce the chance that this will bias the results. It is also possible that there will be fatigue in completing repeated postoperative assessments daily. As such we have incorporated a skip pattern, so that subjects with plateaued score and negative CAM assessments will complete the in-hospital assessments every 3 days instead of daily. We believe that incorporating these strategies will reduce potential loss to follow-up and assessment refusal.
There is emerging evidence that titration of oxygen towards stringent normoxic targets may be beneficial [8, 9, 25, 26] in various groups of patients subjected to life-threatening injury or illness. This is one of the first randomized controlled trials that prospectively evaluates the influence of oxygen titration on neurological outcome in cardiac surgery. Further studies will be required to examine the mechanisms underlying any biological effects of oxygen level on neurocognition.
Trial status
The trial is ongoing and currently recruiting. 
